Introduction
[2] The potential for positive carbon cycle-climate feedbacks to amplify the growth of atmospheric CO 2 over the next century has been highlighted by a number of recent model simulations [e.g., Cox et al., 2000; Dufresne et al., 2002; Zeng et al., 2004; Govindasamy et al., 2005; Matthews et al., 2005b; Friedlingstein et al., 2005] . All of these coupled climate-carbon cycle simulations have demonstrated decreases in terrestrial and oceanic carbon uptake due to climate changes, and have shown that the result of these feedbacks is an increase in simulated atmospheric CO 2 at the year 2100 of between 50 and 250 parts per million (ppmv) [Govindasamy et al., 2005; Cox et al., 2000] .
[3] In this paper, I extend this analysis of carbon cycleclimate feedbacks to investigate the question of how climateinduced decreases in terrestrial and oceanic carbon uptake could affect the emissions required to stabilize future levels of atmospheric CO 2 . Stabilization of atmospheric CO 2 is a key target set out in the 1992 United Nations Framework Convention on Climate Change [United Nations, 1992] , and represents an important goal of international climate change policy negotiations. A number of CO 2 concentration scenarios have been developed that lead to the stabilization of atmospheric CO 2 at levels from 350 to 1000 ppmv over the next two centuries [e.g., Wigley et al., 1996] .
[4] The anthropogenic CO 2 emissions scenarios consistent with these stabilization profiles are critically dependent on the future behaviour of terrestrial and oceanic carbon sinks. The effects of ocean circulation and carbon cycle changes have been investigated using the Bern carbon cycle model [Joos et al., 1999] , which showed that changes in both ocean biology and circulation could reduce stabilizing CO 2 emissions. Prentice et al. [2001] further included an estimate of the extent by which terrestrial carbon cycle uncertainties may increase the uncertainty in emissions projections. Recent development of coupled climate-carbon cycle models has allowed for consistent analysis of carbon cycle-climate feedbacks; to date all models agree that the net feedback between climate and the carbon cycle is positive [Friedlingstein et al., 2005] , which implies a net reduction of anthropogenic emissions that are consistent with a given CO 2 trajectory.
[5] In this paper, I have used an intermediate complexity coupled climate-carbon cycle model to quantify the effect of terrestrial and ocean carbon cycle-climate feedbacks on anthropogenic emissions in a 1000-year CO 2 stabilization simulation. I forced this coupled model by a scenario of atmospheric CO 2 concentrations that stabilize at 1000 ppmv at the year 2350. This allowed for a prediction of the anthropogenic emissions that are consistent with the prescribed CO 2 concentrations as a function of simulated changes in terrestrial and oceanic carbon sinks. By isolating the contribution of carbon cycle-climate feedbacks, this research provides an estimate of the extent to which the carbon cycle response to climate change must be considered in efforts to reduce global CO 2 emissions. This estimate has the potential to inform current development of climate change policy with respect to emissions targets aimed at stabilizing atmospheric CO 2 .
Model and Experiments
[6] The coupled climate-carbon cycle model used is the University of Victoria Earth System Climate Model (UVic ESCM) version 2.7 [e.g., Matthews et al., 2005a] . The climate component of the UVic ESCM is comprised of a three-dimensional ocean general circulation model coupled to a dynamic-thermodynamic sea-ice model and energymoisture balance atmosphere [Weaver et al., 2001] . The ocean carbon cycle simulates ocean-atmosphere carbon fluxes and the passive transport of dissolved inorganic carbon [Weaver et al., 2001] [7] To investigate the role of carbon cycle feedbacks in the context of CO 2 stabilization, the UVic ESCM was forced by the SP1000 scenario, derived from observed CO 2 concentrations from 1765 to 2004 followed by a splined increase to stabilization at 1000 ppmv at the year 2350 (available at www.climate.unibe.ch/emicAR4). The model run was extended to 2765 with constant atmospheric CO 2 after 2350, for a total of 1000 years of model integration. It is worth noting that stabilization at 1000 ppmv is the highest stabilization level generally considered; as such, the results presented here illustrate an extreme case with respect to the range of available CO 2 stabilization scenarios.
[8] Changes in terrestrial and oceanic carbon sinks were simulated by the model as a function of prescribed atmospheric increases and modelled changes in climate. To isolate the effect of climate changes on carbon sinks, a second run was carried out whereby increases in CO 2 did not apply any radiative forcing to climate; terrestrial and oceanic carbon sinks in this ''uncoupled'' run were affected only by increasing atmospheric CO 2 in the context of a constant pre-industrial climate. Yearly emissions were calculated from both of these runs as the sum of changes in atmospheric carbon, and simulated terrestrial and oceanic carbon uptake. The difference in diagnosed emissions between the coupled and uncoupled model runs represents the effect of carbon cycle-climate feedbacks on the allowable emissions required to achieve CO 2 stabilization.
Results

Climate Effects on Carbon Sinks
[9] The CO 2 forcing scenario used is shown in Figure 1a , with atmospheric CO 2 increasing from the pre-industrial value of 280 ppmv to 1000 ppmv at 2350. In the coupled simulation, global temperature increased by 6.7 K from 1765 to 2765; much of this warming (5 K) occurred between 2000 and 2350, with 2.2 K warming over the 21st century. Simulated global changes in land (vegetation plus soil) and ocean carbon pools are shown in Figure 1b . In the coupled simulation, land carbon increased from 1600 GtC to about 2000 GtC at the year 2200. At around 2200, terrestrial carbon uptake saturated on a global scale, with net uptake at high latitudes balanced by net carbon release in the tropics. This was not the case, however for ocean carbon uptake, which continued to remove carbon from the atmosphere for the entire length of the simulation. In total, land carbon increased by 410 GtC and ocean carbon by 1370 GtC from 1765 to 2765.
[10] In the uncoupled simulation, both terrestrial and oceanic carbon sinks were much stronger due to the absence of climate-induced decreases in carbon uptake. In the case of the terrestrial carbon cycle, climate changes in the coupled run led to decreased vegetation productivity and increased soil respiration relative to the uncoupled run, both of which led to decreased terrestrial carbon uptake [see also Matthews et al., 2005a] . In contrast, in the uncoupled simulation, terrestrial carbon uptake was driven only by CO 2 fertilization of vegetation growth, and uptake thus increased in tandem with atmospheric CO 2 . In the ocean, decreased carbon uptake in the coupled run occurred largely due to ocean warming, which decreased the solubility of carbon dioxide relative to the uncoupled simulation.
[11] The difference in terrestrial and oceanic carbon pools between coupled and uncoupled simulations is shown in Figure 2 . Climate-induced decreases in terrestrial carbon uptake (solid line) were largest from 2000 to 2200, and dominated over ocean carbon cycle-climate feedbacks during this period of the simulation. This is consistent with previous climate-carbon cycle simulations forced by CO 2 emissions which have found that increased atmospheric accumulation of CO 2 over the next century is largely driven by positive terrestrial-carbon cycle feedbacks [e.g., Cox et al., 2000] . However, ocean carbon uptake continued to be negatively affected by climate warming throughout the simulation, with the result that the instantaneous magnitude of ocean carbon cycle-climate feedbacks (as represented by the slope of the line in Figure 2 ) exceeded that of terrestrial feedbacks after the year 2250. Furthermore, the total decrease in ocean carbon stores exceeded the terrestrial decrease by the year 2750. This result highlights the importance of terrestrial carbon cycle processes for determining the fate of anthropogenic CO 2 in the near term, but speaks to the increasing importance of ocean carbon cycle feedbacks on longer time scales.
Carbon Cycle Effects on Diagnosed Emissions
[12] Calculated emissions consistent with this CO 2 stabilization scenario are shown in Figure 3a for the coupled (solid line) and uncoupled (dashed line) model runs. The emissions predicted by the coupled simulation are in good agreement with observed anthropogenic CO 2 emissions over the historical portion of the simulation. For the period from 1980 to 1999, cumulative emissions were 140 GtC, which is well within the range of uncertainty in estimates of total anthropogenic carbon releases from fossil fuels and land-use change over the past two decades [e.g., Sabine et al., 2004] .
[13] Peak emissions in the coupled run occurred at the year 2050, with a maximum value of 11.9 GtC/year. In the uncoupled run, the absence of carbon cycle-climate feedbacks led to a five-year delay in the emissions peak, and an increase in the peak emission value of 2.6 GtC/year (a maximum of 14.5 GtC/year occurring at 2055.) As shown in Figure 3b , carbon cycle-climate feedbacks in the coupled run led to a decrease in allowable emissions throughout the entire length of the simulation. The maximum decrease of 2.8 GtC/year occurred at the year 2080, after the emission peak, on account of increasing terrestrial carbon cycleclimate feedbacks and consequent accelerated decrease in allowable emissions in the coupled simulation over the 21st century.
[14] Cumulative emissions for the 1000 years of model integration totalled 3290 GtC in the coupled simulation compared to 4370 GtC in the uncoupled simulation. In Figure 3c , I show the cumulative effect of carbon cycle-climate feedbacks on calculated emissions as a function of time, plotted with respect to the difference at the year 2005. As can be seen for the historical period, carbon cycle-climate feedbacks in this simulation contributed a total of 74 GtC to the total atmospheric carbon burden, leading to an equivalent reduction of cumulative emissions from 1765 to 2005 in the coupled run. 
Discussion
[15] The recent application of coupled climate-carbon cycle models to the prediction of future atmospheric CO 2 growth has demonstrated the potential for positive carbon cycle-climate feedbacks to amplify atmospheric CO 2 accumulation in the next century. Terrestrial carbon cycleclimate feedbacks in these simulations are driven by a combination of increased soil respiration and decreased vegetation productivity as a result of climate changes. Ocean carbon cycle-climate feedbacks result from decreased CO 2 solubility with increasing ocean temperature, as well as changes in ocean circulation and the solubility pump [Friedlingstein et al., 2005] .
[16] In this paper, I have shown that these same processes can substantially reduce the anthropogenic emissions which are required to achieve stabilization of future levels of atmospheric CO 2 . I have demonstrated this in the context of CO 2 stabilization at 1000 ppmv, though this result would be qualitatively similar given some other stabilization scenario. Emissions required to stabilize CO 2 at a lower level (such as 550 ppmv) would be reduced somewhat less by carbon cycle-climate feedbacks due to smaller associated climate changes. However, I emphasize that positive carbon cycle-climate feedbacks will require some reduction in emissions in order to achieve stabilization of CO 2 at any level.
[17] The specific amount by which emissions are affected in these simulations is invariably model-specific, given the large range in simulated feedbacks among coupled climatecarbon cycle models [Friedlingstein et al., 2005] . Known uncertainties in the magnitude of positive carbon cycleclimate feedbacks, such as the uncertainty associated with climate sensitivity [Govindasamy et al., 2005; Matthews et al., 2005b] , and uncertainties associated with soil [Jones et al., 2005] and vegetation [Matthews et al., 2005a] carbon responses to climate changes, would contribute directly to uncertainty in the emissions target required to stabilize CO 2 at a given level. It is worth noting also that the results presented here would be modified by the effect of processes not currently included in the UVic ESCM. Specifically, this version of the UVic ESCM does not include changes in ocean biology which could likely affect the uptake of anthropogenic carbon over the next several centuries [Joos et al., 1999] or the process of carbonate compensation, which can amplify the positive feedback between deep ocean temperature and atmospheric CO 2 [Archer et al., 2004] . With respect to the terrestrial carbon cycle, the limitation of photosynthesis by changes in nitrogen availability is not currently a dynamic component of the UVic model, and it is possible that simulated CO 2 fertilization in the model overestimates the potential future terrestrial carbon sink. Furthermore, spatial changes in land-use are not considered, which have been shown to have the potential to reduce future terrestrial carbon uptake [Sitch et al., 2005] .
[18] The simulations presented in this paper provide a preliminary estimate of the extent by which future emissions must be reduced to accommodate the effects of positive carbon cycle-climate feedbacks on the growth of atmospheric CO 2 . Current climate-carbon cycle models all agree that the net future feedback between climate change and the carbon cycle will be positive [Friedlingstein et al., 2005] ; as such, the conclusion presented here that emissions targets will have to be reduced in order achieve CO 2 stabilization, is robust. This result highlights the immediate need to curb global emissions of carbon dioxide by an amount that reflects the potential for strong carbon cycle-climate feedbacks over the next several centuries.
